a transition from B-DNA to A-DNA (27) , and an en masse transition of DNA from B-form to Aform can be induced in bacterial cells, suggesting that the A-form plays an unrecognized role in stabilizing DNA under adverse conditions such as dessication (28). Sequence analysis and structural comparison (with PDB ID 2Z3X) do not show obvious homology, suggesting that these similarities could have arisen as a result of convergent evolution.
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The 5′ leader of the HIV-1 genome contains conserved elements that direct selective packaging of the unspliced, dimeric viral RNA into assembling particles. By using a 2 H-edited nuclear magnetic resonance (NMR) approach, we determined the structure of a 155-nucleotide region of the leader that is independently capable of directing packaging (core encapsidation signal; Y CES ). The RNA adopts an unexpected tandem three-way junction structure, in which residues of the major splice donor and translation initiation sites are sequestered by long-range base pairing and guanosines essential for both packaging and high-affinity binding to the cognate Gag protein are exposed in helical junctions. The structure reveals how translation is attenuated, Gag binding promoted, and unspliced dimeric genomes selected, by the RNA conformer that directs packaging.
A ssembly of HIV-1 particles is initiated by the cytoplasmic trafficking of two copies of the viral genome and a small number of viral Gag proteins to assembly sites on the plasma membrane (1-6). Unspliced, dimeric genomes are efficiently selected for packaging from a cellular milieu that includes a substantial excess of nonviral messenger RNAs (mRNAs) and more than 40 spliced viral mRNAs (7, 8) . RNA signals that direct packaging are located primarily within the 5′ leader of the genome and are recognized by the nucleocapsid (NC) domains of Gag (4) . Transcriptional activation, splicing, and translation initiation are also dependent on elements within the 5′ leader, the most conserved region of the genome (9), and there is evidence that these and other activities are temporally modulated by dimerization-dependent exposure of functional signals (6, (10) (11) (12) (13) .
Understanding the RNA structures and mechanisms that regulate HIV-1 5′ leader function has its basis in phylogenetic, biochemical, nucleotide reactivity, and mutagenesis studies (4). The dimeric leader selected for packaging appears to adopt a highly branched secondary structure, in which there are structurally discrete hairpins and helices that promote transcriptional activation (TAR), transfer RNA (tRNA) primer binding (PBS), packaging (y), dimer initiation (DIS), splicing (SD), and dimer stability (U5:AUG) (4, 14) (Fig. 1) . Although nuclear magnetic resonance (NMR) signals diagnostic of TAR, PBS, y, DIS, U5:AUG, and polyadenylate [poly(A)] helices have been observed in spectra obtained for the full-length dimeric leader (13, 15) (Fig. 1A) , signals diagnostic of a putative SD hairpin have not been detected (colored magenta in Fig. 1A ) (15) , and there is little agreement among more than 20 different structure predictions for residues adjacent to the helices (4). For example, predictions vary for stretches of residues shown by in vivo nucleotide reactivity (16) and cross-linking with immunoprecipitation (17) to reside at or near sites of Gag binding (4) . The TAR, poly(A), and PBS hairpins of the HIV-1 leader are not required for efficient encapsidation (15) , and a minimal HIV-1 packaging element, the core encapsidation signal (Y CES ), exhibits NC binding properties and NMR spectral features similar to those of the intact 5′ leader and is independently capable of directing vector RNAs into viruslike particles (15) . To gain insights into the mechanism of HIV-1 genome selection, we determined the structure of Y CES by NMR. Contributions of slow molecular rotational motion to NMR relaxation were minimized by substituting the dimer-promoting GC-rich loop of the Y CES DIS hairpin by a GAGA tetraloop (Fig. 1A ). This prevented dimerization (Fig. 1B) but did not affect NC binding (Fig. 1C) (18) (19) (20) (Fig. 1D) . Very-long-range A-H 2 NOEs ( 1 H-1 H distances up to~7 Å) were detected in spectra of highly deuterated samples (Fig. 1E) [as observed for proteins (21) ], facilitating assignments.
NMR signals that could not be assigned by nucleotide-specific labeling were identified by a fragmentation-based segmental 2 H-labeling approach that we developed, in which differentially labeled 5′ and 3′ fragments of Y CES were prepared separately and noncovalently annealed ( The NMR data indicate that residues proximal to the major splice donor site do not form a hairpin but instead participate in long-range base pairing within an extended DIS stem and a short helical segment, H1 (Fig. 2E ). To determine whether this secondary structure is also adopted by the native 5′ leader, we obtained NOESY data for dimeric, 2 H-labeled 5′ leader constructs. Adenosine-H 2 signals diagnostic of the U5:AUG, DIS, PBS, and Y helices were observed in spectra obtained for the native leader ([5′-L] 2 ), as expected (15) . However, signals diagnostic of H1 were only detectable upon removal of the upper PBS loop (substituted by a GAGA tetraloop; [5′-L DPBS ] 2 ), which eliminated broad upper PBS signals that overlapped with the A124-H 2 signal of H1 (Fig. 2D ). This construct exhibits dimerization, NC binding, and NMR properties similar to those of the intact leader (15) and directs both noncompetitive (15) and competitive RNA packaging with near-wild-type efficiency [94 T 4% and 93 T 18%, respectively (reported as mean T standard deviation)] (Fig.  2F) . Thus, the secondary structure observed for Y CES , including the H1 helix, is also adopted by the 5′ leader.
NOE-restrained structure calculations (18) reveal that Y CES adopts a tandem three-way junction structure (Fig. 3, A to C, and fig. S3 ). The overall shape is quasi-tetrahedral, with the U5: AUG, H1, and y helices forming a plane that is nearly perpendicular to the plane formed by the H1, PBS, and DIS helices (Fig. 3A) . Splice-site residues G289 and G290 are base-paired with C229 and U228, respectively; adjacent residues are base-paired within or near the H1-PBS-DIS (threeway-2) junction (Fig. 3, B to D) ; and residues of AUG are base-paired within the U5:AUG-H1-Y (three-way-1) junction (Fig. 3, B and D) . A227 to U291 forms an extended DIS hairpin with two internally stacked but nonpaired guanosines (G272 and G273) and a G240(syn):G278(anti)-G241(anti) base triple. Sequentially stacked pyrimidines (U230*U288 and C231*C287) exhibit broad line widths indicative of millisecond time scale conformational exchange (Fig. 3E) . These residues appear to function as a flexible hinge that connects the extended DIS hairpin with the tandem three-way junction (Fig. 3D ). U307 to G330 forms an extended y-hairpin structure that contains three noncanonical base pairs [G310(anti)*A327(anti), G328*U309, G329*U308], a stacked A-A bulge [A311(anti)-A326(anti)] (Fig. 2E) , and a flexible GAGG loop (Fig. 3D) . Adenosines A302 to A305 exhibit pseudo A-form stacking but are not basepaired (Fig. 3B) , which supports proposals that genomic adenosine enrichment occurs primarily at non-base-paired sites (23) . A302 and A303 also make A-minor contacts with the U5:AUG helix (Fig. 3B) .
To determine whether the tandem three-way junction is evolutionarily conserved, we analyzed published HIV-1 leader sequences that contained full coverage of the 5′ untranslated region (278 total sequences). Representatives from B, C, and F1 subtypes were included in the analysis (18) . Of the 48 base-paired nucleotides at or near the three-way junction, 31 were either strictly (16 ). Most changes mapped to terminal branches of the Y CES phylogeny. Thus, the tandem threeway junction structure is highly conserved, and the rare variations that disrupt base pairing are due to transient polymorphisms.
The PBS, DIS, and y helices of Y CES are consistent with models derived from nucleotide reactivity experiments (4), but the SD structure differs significantly. Recent in-gel chemical probing of resolved monomeric and dimeric leader RNAs (24) , and probing studies under solution conditions that favor either the monomeric or dimeric species (25) , showed that SD loop residues are relatively unreactive in the dimeric RNA, consistent with the Y CES structure. Pseudo-free energy calculations indicate that the in-gel reactivity data for the dimeric leader (24) are in better agreement with the Y CES NMR structure than the proposed model [~25% lower experimental pseudo-free energy (18); fig. S4 ]. These findings support proposals that variations in structure predictions are at least partly due to site-specific structural heterogeneity associated with the monomer-dimer equilibrium (13, 24) .
HIV-1 NC binds with high affinity to oligonucleotides that contain exposed guanosines (4, 26, 27) . Y CES contains five unpaired Gs (excluding the nonnative GAGA tetraloops), a GGG base triple in the DIS stem, and five additional guanosine mismatches clustered at or near the two threeway junctions (G*U, G*A, or G*G) that could serve as NC binding sites (Fig. 4A) . Potential contributions of these "junction guanosines" to NC binding were tested by isothermal titration calorimetric studies of G-to-A-substituted Y CES RNAs. Free energy calculations indicate that these substitutions, which include three G*U to A-U substitutions, should not alter the secondary structure of the RNA (18) . Replacement of the y GGAG loop by GAAA eliminated one NC binding site, as expected (27) , and substitution of the three-way-1 junction guanosines by adenosines (G116A/G333A/ G328A/G329A/G331A) eliminated three additional NC sites (Fig. 4B) . Mutation of the unpaired (G226, G292, and G294) and mismatched (G224) three-way-2 junction guanosines to adenosines eliminated one NC binding site (Fig. 4B) . The influence of these guanosines on RNA encapsidation was evaluated by using a competitive in situ RNA packaging assay. Human embryonic kidney 293T cells were co-transfected with plasmids that produce vector RNAs containing the wild-type (Y + , which also encodes for viral proteins) and mutant (Test) leader sequences (18) . When coexpressed at similar levels, Y + and Test vector RNAs with native leader sequences were packaged into HIV-1 virus-like particles with similar efficiencies (Fig. 4C) . In contrast, significant packaging defects were observed upon G-to-A mutation of the three-way-2 junction guanosines (17% T 2%), the y-loop and three-way-1 junction guanosines (10% T 2%), and all junction and y-loop guanosines (5% T 1%) (Fig. 4C) . Our findings indicate that the tandem three-way junction serves as a scaffold for exposing clusters of unpaired or weakly paired junction guanosines, thereby enabling their binding to the zinc knuckle domains of NC.
The Y CES structure explains biochemical, nucleotide reactivity, and phylogenetic results and suggests a mechanism by which the 5′ leader structure regulates translation and splicing (4). In vitro translational activity and chemical reactivity of the AUG residues are suppressed upon dimerization (28) , and this can be attributed to sequestration of the 5′ end of the gag open reading frame within the three-way-1 junction (Fig. 3D) . Enhanced in vitro translational activity caused by mutations immediately downstream of the major splice donor site (DA296/A301U and A293C/U295C/DG298) can be explained by destabilization of the H1 helix and, for DA296/ A301U, stabilization of the SD hairpin (29) , both of which should favor the monomer. Mutations in AUG that inhibit genome dimerization and suppress packaging (30, 31) are expected to disrupt base pairing in the U5:AUG helix and y-hairpin stem, thereby destabilizing the tandem three-way junction structure required for Gag binding. In vitro splicing activity is also attenuated by dimerization (12, 32) , and this can be attributed to sequestration of the major splicesite recognition sequence within the three-way-2 junction. Antisense oligonucleotides with complementarity to the SD loop inhibit dimerization, and this is likely due to their ability to competitively block formation of the tandem three-way junction (25) .
The Y CES structure also explains the exquisite selectivity of HIV-1 to package its unspliced genome (1, 2) . Residues immediately downstream of the major splice site are base-paired within the H1 helix and are thus integral to the formation of the tandem three-way junction structure. Although unspliced and spliced HIV-1 mRNAs contain identical 5′ sequences (G1 to G289), differences in spliced mRNA sequences derived from 3′ exons would preclude formation of the packaging competent junction structure. Similarly, because SD appears to exist as a hairpin in the monomeric, unspliced 5′ leader (12) , it is likely that monomeric genomes are also ignored during virus assembly because they do not adopt the tandem three-way junction structure.
Compared with the proteins of HIV-1, structural information for the viral nucleic acids is sparse. RNAs in general are vastly underrepresented in the structural data banks (99,000 proteins versus 2700 RNA structures), partly because of NMR technical challenges and difficulties obtaining suitable crystals for x-ray diffraction (19, 20) . The fr-RNA 2 H-edited NMR approach enables efficient segmental labeling without requiring enzymatic ligation. Given the ubiquity of hairpin elements that can serve as fragmentation or annealing sites, this method should be generally applicable to modest-sized RNAs (~160 nucleotides). minority access to research careers (MARC U*STAR 2T34 GM008663), and S.B., J.S., N. To determine whether genes retain ancestral functions over a billion years of evolution and to identify principles of deep evolutionary divergence, we replaced 414 essential yeast genes with their human orthologs, assaying for complementation of lethal growth defects upon loss of the yeast genes. Nearly half (47%) of the yeast genes could be successfully humanized. Sequence similarity and expression only partly predicted replaceability. Instead, replaceability depended strongly on gene modules: Genes in the same process tended to be similarly replaceable (e.g., sterol biosynthesis) or not (e.g., DNA replication initiation). Simulations confirmed that selection for specific function can maintain replaceability despite extensive sequence divergence. Critical ancestral functions of many essential genes are thus retained in a pathway-specific manner, resilient to drift in sequences, splicing, and protein interfaces.
T he ortholog-function conjecture posits that orthologous genes in diverged species perform similar or identical functions (1). The conjecture is supported by comparative analyses of gene-expression patterns, genetic interaction maps, and chemogenomic profiling (2-6), and it is widely used to predict gene function across species. However, even if two genes perform similar functions in different organisms, it may not be possible to replace one for the other, particularly if the organisms are widely diverged. The extent to which deeply divergent orthologs can stand in for each other, and which principles govern such functional equivalence across species, is largely unknown.
In this study, we systematically addressed these questions by replacing a large number of yeast genes with their human orthologs. Humans and the baker's yeast Saccharomyces cerevisiae diverged from a common ancestor approximately 1 billion years ago (7). They share several thousand
